Single-crystalline cast aluminium microwires with a diameter near 15 mm are characterised by Laue microdiffraction. A microwire in the as-cast condition exhibits a misorientation below 1 • over a length of 500 mm. The measured density of geometrically necessary dislocations is low, ,10 12 m −2 , though local maxima up to one order of magnitude higher are found. After tensile deformation to failure, the dislocation density is significantly increased in microwires that have mostly deformed in single slip (≈2 × 10 13 m −2 ), and yet higher when deformation has occurred by multiple slip (≈6 × 10 13 m −2 ). In deformed single slip oriented microwires, the streaking directions of Laue spots show that dislocations are stored (though not exclusively) on the primary slip system. Results are consistent with a deformation mechanism governed by rotating, likely singlearm, sources.
Introduction
Plastic deformation in small-scale metallic samples often differs from what is observed in bulk, macroscopic samples of the same metal or alloy. Generally, it is found that, as the sample size decreases, the plastic flow stress increases, and deformation proceeds in a more irregular, at times stochastic burst-like, manner. The observed behaviour depends on a number of factors, including both the nature of the material, how it was produced, its geometry and the sample size. Recent reviews of the extensive work on the subject can be found in [1] [2] [3] [4] [5] [6] .
It was shown in a recent publication that single-crystalline net-shape Al microwires, with a diameter in the range of 7-100 mm, can be produced by a new microcasting process [7] . As compared to other methods used for the fabrication of microtest specimens, specific characteristics of the microcast wires are that they are generally single-crystalline and free of the artefacts that are introduced by other preparation methods such as ion-milling. Cast microwires also have a low initial dislocation density, and their high aspect ratio (≈50) makes them suitable for tensile testing. As is reported in [7] , these microcast crystals show a size effect in plasticity. This is seemingly because the small size of the crystals leads to source truncation, that is, typical double-pinned Frank-Read sources becoming single-ended (spiral) sources with higher activation stress, as predicted by statistical models [8] and dislocation dynamics simulations [9, 10] , and evidenced by [11] [12] [13] in another class of microcrystals extracted from solidified specimens.
The initial dislocation distribution in such microcrystals, and its evolution during deformation, are important parameters and signatures of their plastic deformation [10, 14, 15] . In [7] , these parameters were estimated by means of a few transmission electron microscopy images; given the long length of microcrystals that can be produced and tested by the process of [7] , alternative measurements giving access to the dislocation distribution in such samples, before and after deformation, are of clear interest to further understand their nature and deformation mechanisms. We provide here such data, gleaned by means of synchrotron X-ray Laue microdiffraction characterisation of as-cast and deformed aluminium microcrystals.
Laue microdiffraction has been used before on small-scale samples: Barabash et al. showed that (i) the continuous streaking of Laue diffraction peaks can be related to internal strain gradients and (ii) discontinuous streaking happens in the presence of dislocation walls forming geometrically necessary boundaries [16] . Since then, Laue microdiffraction has been established as a powerful technique in the study of mechanisms that govern plastic deformation at the micro scale [17] [18] [19] [20] [21] . For instance, Maaß et al. [18] performed in situ compression tests on ion-milled Au micropillars. The smaller pillars (2 mm diameter) were found to deform by activation of a geometrically unexpected slip system, which was activated because of the preexisting strain gradient induced by the focused ion beam milling process that was used to prepare the samples, and by crystal rotation. Larger pillars (10 mm diameter) on the other hand were found to deform more conventionally, that is, by slip on the predicted system and with unconstrained rotation of the crystal. In the work presented here, we characterise microcast samples, which are free of ion-milling artefacts and show strong size effects already in 10 mm diameter samples [7] .
Materials and methods

Samples
Aluminium (99.99%) single-crystalline microwires with a diameter below 20 mm and an aspect ratio (length divided by diameter) above 30 were produced and tested according to the procedure described in [7] , to which was added a series of individual, force-triggered, stress relaxation tests lasting 60 s each (found not to affect the tensile behaviour of these microwires). A total of four samples 15 mm in diameter were characterised, namely one as-cast sample (not tested in tension) and three samples that were tested in tension up to failure and then characterised 'post-mortem' by Laue X-ray microdiffraction. The initial crystallographic orientation of the tensile axis of the tested microwires was measured by single-crystal X-ray diffraction using a Enraf Nonius FR 590 diffractometer with Mo-Kα radiation. Main characteristics of the samples are given in Table 1 .
Laue microdiffraction and data treatment
Laue X-ray microdiffraction experiments were conducted at the microXAS beamline of the Swiss Light Source at the Paul Scherrer Institute in Villigen, Switzerland. A pink light beam with energies in the range of 10-23 keV focused to a spot size of 0.7 × 0.9 mm 2 was used, and diffraction data were collected with a MarCCD detector. Two-dimensional maps of selective areas of the microwires were acquired with a 1 mm step size.
The analysis procedure was similar to that described in [22, 23] and is based on the measurement of orientation gradients. The diffraction patterns were fitted using a MATLAB routine developed at the PSI, which provides average Euler angle values for each point of a map covering the scanned sample area. A local rotation matrix G was then calculated from these three Euler angles f 1 ,F,f 2 :
The misorientation between two points can be described as a rotation by an angle Du around a rotation axis e. From the rotation matrix G, misorientation matrices DG were calculated for each point across the map, using a 2D x,y coordinate system in which x,y are defined relative to a single common reference point chosen with coordinates x=0 and y ≈ 7 mm, that is, situated at one end of the map and in the middle across the wire's diameter:
Misorientation angles Du relative to the same reference point are then computed from the trace of DG:
The relative rotation angles can also be expressed in the laboratory frame as rotations about x, y and z-axes, that is, v x , v y and v z . The z-axis is assigned to the direction of the incident X-ray beam and the x-axis to the longitudinal direction of the wire. Local misorientation vectors Du k between the top and bottom neighbours, and right and left neighbours, of each point were also calculated:
with {i,j,k} = {x,y,z}, ɛ the Levi-Civita permutation symbol and Du the local misorientation angle. Local lattice curvatures k ij were then determined as
with {i,j} = {x,y,z}. From this, the local apparent density of geometrically necessary dislocations (GND) r GND , meaning dislocations that must be present in the crystals to account for measured gradients in their local crystal orientation, is finally estimated as [24] 
where b is the Burgers vector. GND in the context of this paper refers to unpaired dislocations that describe a local crystal orientation gradient. Note also that r GND is an underestimation of the actual dislocation density present locally in the samples because (i) z components are not available from the data and (ii) statistically stored (redundant) dislocations are not included. We estimate the angular resolution to be Dv = 0.01 • with the undeformed (as-cast) wire and to be somewhat less fine for the deformed wires. The accuracy on r GND can then be estimated, with an acquisition step size Dx = 1 mm, as [25] 
In all the results that are presented here, no recorded diffraction peaks were discarded. Most diffraction patterns exhibited more than 7 diffraction peaks, which were hence all used to calculate the orientation matrices. In the deformed wires, however, some diffraction peaks showed large variations in intensity depending on the location. This sometimes led to saturation of the detector, causing in turn the formation of a 'ghost' signal that was recorded at some locations situated outside of the wires, which presented only 3-4 peaks. To eliminate artefacts resulting from this effect, spectra that contained (i) only 3 peaks for the MS wire, or (ii) less than 5 peaks for SS1 and SS2 were discarded. For the SS2 wire a check was conducted to ensure that the results (ie misorientation and GND density maps) were similar when the 3 peaks (( 1 1 1), (0 2 2) and ( 2 2 0)) that tend to be saturated were entirely excluded from the analysis; good agreement between the two sets of results was indeed found.
In the deformed microwires, we furthermore analysed the streaking of specific Laue spots, since Barabash and Ice [26] showed that the streaking axis, j, when resulting from the presence of unpaired edge dislocations, can be related to a specific slip system according to
where t is the dislocation line vector and G hkl the diffraction vector.
Results
In the as-cast microcast Al wire, misorientations were small, below 1 • . This indicates that as-cast, undeformed wires contain a low average dislocation density, of the order of 8 × 10 11 m −2 , which is close to the detection limit. Local maxima are up to one order of magnitude higher; however, these are found only in a few inclined bands a few micrometres wide. The undeformed, as-cast, wire contains overall a relatively uniform microstructure, free of visible patterns or strong variations ( Figure 1 ). Stress-strain curves of the three deformed samples are given in the supplementary online material (SOM). Results of the post-mortem analysis of a 30 mm long segment along the deformed and fractured microwire SS1, with a double slip initial orientation [0 4 3] that evolves into single slip, because double slip in those orientations is unstable, are shown as contour plots of misorientation angle and GND density in Figure 2 (b,c). The exact location where the diffraction map was acquired cannot be determined, but it lies within the visible area of the SEM image given in Figure 2 (a). As seen, the misorientation angle gradually increases, reaching 2 • over a 30 mm distance. The longitudinal axis after deformation is found to be close to [ 1 1 2] , which is the stable orientation in tension. Post-mortem SEM images of the entire wire show the presence of a few secondary steps: some were created before the primary steps, that is, in the early stage of deformation, on a plane different than that of the primary system, while others were created after on a third, different plane. The average GND density is 1.6 × 10 13 m −2 , peaking at values up to 8 × 10 13 m −2 locally (Figure 2(c) ).
The streaking directions of six diffraction peaks were further analysed in order to glean information about the glide systems on which dislocations are stored. Images of those 6 peaks at a given location, together with theoretical streaking directions, are given in Figure 2(d) ; images for a full line scan throughout the analysed length are given in the SOM. One can see that the streaking directions are compatible with storage of GNDs on three possible systems, namely the two final active slip systems (designated as a3 and c5 in the figures) and/or a third slip system (b2 in the figures) that has throughout the test a lower Schmid factor and is not a cross-slip system, and is hence somewhat less expected.
The second deformed wire, also oriented for unstable double slip evolving into single-slip and of initial orientation [0 5 3] (mechanical curve SS2 in SOM), was also scanned because, interestingly, it deformed inhomogeneously and featured a highly deformed area in the vicinity of an area almost free of visible slip steps (Figure 3(a) ). Hence, although this microwire had a total strain to failure lower than SS1, it is likely that in the highly deformed portion the final strain is locally roughly similar to SS1. The initial orientation is such that two glide systems have the highest Schmid factor value, namely: (1 1 1)[ 1 0 1] and (1 1 1)[1 0 1] (primary + critical systems [27] ). The angle between the sample axis and the glide plane of either of these two systems, that is, between g 1 = [ 1 0 1] and [ 5 3 0], is 52.7 • , which is in fair agreement with the angle formed between the wire axis and the slip steps visible on the SEM image (in the range 46-56 • ). Two of the diffracted peaks exhibited such large variation in intensity that a rather precise location (within 1 mm or so) of the acquired map along the wire is possible for SS2 thanks to the large visible slip steps, and indicated with a white frame on the SEM image (Figure 3(a) ).
This wire is oriented such that the beam lies almost within the principal glide plane, such that y and z directions correspond to [9 15 34] and [ 3 5 3] directions in the crystal, respectively; it is therefore worthwhile separating components of crystal misorientation. The contour plots in Figure 3 (c-e) show that the rotation about the z-axis (beam axis) is higher than about the x and y axes and reaches 8 • over the 86 mm length analysed. The evolution of the crystal orientation along the wire's length is plotted in the stereographic projection in Figure 3 (b), with the markers coloured from black to green towards the more deformed area and the theoretical rotation of the crystal indicated by the blue line [27] . One can see that the longitudinal axis after deformation is close to its initial orientation in the less deformed area, while it has rotated on a great circle towards the primary 〈110〉 slip direction in the more heavily deformed area. The measured crystal rotation trajectory is thus in agreement with the expected path after slip on the (1 1 1)〈1 1 0〉 primary slip system; however, the spatial evolution of the crystal orientation results more likely from bending moments, whose axis coincided, for this wire, with the crystallographic plane rotation axis. Note that in the highly deformed area, the crystal orientation is such that the Schmid factor of the primary system has slightly increased (0.50 vs. 0.49 initially).
Converting local misorientation vectors to GND density values, one finds that in the highly deformed part of this wire (over the first 33 mm to the left of Figure  3 (f)) the dislocation density is on average 2.5 × 10 13 m −2 and goes up to 8 × 10 13 m −2 locally. The dislocation density is lower in the right-hand part, with an average of 8 × 10 12 m −2 and a maximum of 4 × 10 13 m −2 (note that the GND density map shows local variations that are not visible on the misorientation map; this is simply caused by the binning associated with the colour scales on the figures).
The streaking directions of 3 diffraction peaks, namely ( 3{ 1 1)( 2 2 0) and (2 2 2), are given in Figure 4(a,b) for two selected areas along the SS2 wire: the first longitudinal line (within the pale blue frame) goes through the largest visible slip step and the second shows the evolution within two regions separated by a much smaller step. Additional locations and movies that show how the peaks evolve with location along a line scan going through the highly deformed portion of the wire can be found, respectively, in the SOM and at https://doi.org/10.5281/zenodo.1459734. For this wire, throughout the length that was analysed, the streaking directions are found to vary with location and result from dislocation storage on at least 3 glide systems identified as d6, d1 and b4 in the pictures; these include the primary system (d6) and a coplanar system (d1). For example, one can see Figure 4 (a) that streaking evolves from d6 to b4 going from one 'slice' to another, and in Figure 4 (b) that it could be attributed to glide on d1 in the left yellow frame and evolves towards b4 in the right frame. Overall, peak streaking for sample SS2 is much reduced as compared to SS1. This probably results from the incident beam being nearly parallel to the slip planes for SS2, which reduces through-thickness variations.
A third deformed wire, oriented for multiple slip ([1 1 1] orientation) was also analysed (mechanical curve MS in SOM). Its longitudinal axis after deformation was close to [ 3 4 5] . Although multiple glide systems are equally favoured in the [1 1 1] orientation, visible slip steps in the analysed area come mainly from one system, and only a few steps from other systems can be found along the whole wire ( Figure 5 ). Slip traces on Al microwires with [1 1 1] orientation are usually fewer and smaller compared to single slip orientations, as fewer dislocations escaped due to the high level of dislocation interactions [7] . These slip traces thus indicate that 2 to 3 glide systems are activated but one predominates, which differs from bulk [1 1 1] single crystals where an almost equal operation of the 3 possible glide directions was reported, enabling deformation to proceed without any crystal rotation [28, 29] . Here, misorientation angles reach values up to 3 • and are far more irregularly distributed than in wires oriented for single slip. The average geometrically necessary dislocation density is higher, namely 6 × 10 13 m −2 , reaching up to 2 × 10 14 m −2 locally. Analysis of the streaking directions of the diffracted spots shows that there is no clear streaking direction for most of the peaks (in areas of both lower and higher r GND ). Hence, and not surprisingly, dislocations storage in this wire results from activity along multiple slip systems; it is also higher and the misorientation map shows that the substructure is more irregular within this wire.
Discussion
In the as-cast (undeformed) wire, dislocation densities measured here (≈8 × 10 11 m −2 ) are higher than what was found in [7] on two TEM lamellae extracted by means of focused ion beam milling from as-cast wires 14 mm in diameter: values from the TEM lamella were 1.2 × 10 11 m −2 (9.4 × 10 10 − 1.4 × 10 11 m −2 ). The value derived from the present measurements is in principle a lower bound estimator of the initial GND density in the as-cast wires; however, it is important to note that this value is close to the theoretical detection limit of the present Laue microdiffraction data (see Equation (7)), such that the actual average GND value in the undeformed wires might be lower than 8 × 10 11 m −2 .
Dislocation densities measured in [7] in TEM samples of deformed wire were in the range 1.7-1.8×10 13 m −2 for a deformed wire 15 mm in diameter oriented along the [1 1 2] direction. These values are somewhat on the low side, but consistent with the (far more extensive) data given here.
Overall, GND densities that we measure by Laue microdiffraction in the deformed microwires are quite high, given that microcast wires contain no ion-milling surface artefacts and have a sufficiently high aspect ratio to deform nominally under essentially uniform stress and strain, with large amounts of slip occurring along discrete planes but no slip gradients along those planes nor visible orientation gradients within the deformed crystals. High GND densities might be explained by the high strain to failure of the present microwires and by the fact that the thin layer of native oxide along their surface might have prevented dislocation escape. If no dislocation would escape the microwires, a lower bound of the mobile dislocation density needed to produce a given strain to failure g f can be estimated as ρ=2g f /bR, if we give each dislocation within the wire a length of 2pR. With g f roughly 0.8 and 0.6 for single slip and multiple slip oriented wires, respectively, the measured GND densities correspond to 2.5 and 10% of the value thus estimated for the required mobile dislocation density ρ. Although GND values are lower bounds on the actual stored dislocation density within the wire, the difference between the two values is sufficiently high for the conclusion to be reached that most dislocations escaped the microcast wires while they were being deformed in tension. A similar conclusion was found by Kirchlechner et al. [19] by analysing peak streaking during tensile deformation of Cu single microcrystals (aspect ratio of 1:5) initially oriented for single slip.
In this work we also observe significant differences between wires nominally oriented for single slip, one having deformed to roughly the same strain along its entire length (SS1), while the other has produced more inhomogeneous deformation (SS2). Wire SS1 has traversed (more uniformly but going farther) the stereographic triangle and is finally oriented near [2 1 − 1], that is, along the (0 0 1) − (1 1 1) border of the stereographic triangle. Hence there is, after deformation, stable double slip active on this system in this wire, and it is therefore not surprising that there be significant dislocation storage on what was initially the primary glide system (the 2 active slip systems form Lomer locks).
The measured GND densities and distributions are overall consistent with the interpretation of the deformation behaviour of microcast wire crystals that was offered in [7] , namely that dislocation mechanisms underlying the deformation of those wires are to a significant extent driven by the activation of single-arm sources inhomogeneously distributed along the wire length. Storage of GNDs is indeed found to occur (albeit not exclusively) in the primary slip system in deformed single slip oriented microwires, as evidenced by the peak streaking directions. This is consistent with the dislocation dynamics (DD) simulations presented in [7] where dislocation debris, leading to the formation of the socalled braid structure, were found to be left in the active slip systems. Also consistent with the interpretation given in [7] is the observation that the GND density is higher in the wire oriented for multiple slip. In multislip samples, which exhibit fewer large slip steps and smaller strain bursts, single-arm sources operate fewer revolutions before being shut down, necessitating the activation of a greater number of sources for a given accumulation of strain, leading hence to greater rates of dislocation accumulation, both features coming from the fact that cross-slip and lock formation are more frequent in the [1 1 1] than in single-slip orientations [7, 10, 30, 31] .
Conclusion
As-cast and deformed microwires of pure aluminium are characterised by means of Laue synchrotron X-ray microdiffraction maps gleaned over selected areas of the wires. Data show that:
. in the as-cast condition, the wires contain a low density of geometrically necessary dislocations, situated slightly below 10 12 m −2 ; . after deformation, the geometrically necessary dislocation density in the microcast wires has increased, reaching around 10 13 m −2 to 6 × 10 13 m −2 , despite the fact that the wires can deform without significant imposed strain gradients; . measured GND density values are well below what would be stored were dislocations prevented from escaping along the surface during the deformation of the single-slip wires. It is higher in the multislip sample oriented along [1 1 1] than in single-slip wires, betraying the presence of mutual dislocation blockage.
Those observations are consistent with the deformation mechanism that was proposed in [7] , namely that deformation in these crystals is largely driven by repeatedly rotating, likely single-arm, sources which enable most moving dislocations to escape through the free surface, particularly if the wire is oriented for single slip.
